Trypanosomes of the Salivaria group evade the immune response of their mammalian host by their ability to change antigenic type (for review, see refs. [1] [2] [3] [4] [5] . A single clone of trypanosomes may express a repertoire of at least 100 variable antigen types (VATs) (6, 7) ; each of them results from the synthesis of a unique variant-specific antigen (VSA) that covers the entire surface ofthe parasite (8, 9) . VSAs are glycoproteins, but the antigenic specificity of the living-trypanosome seems to be determined solely by the protein component (10, 11) , which consists of a single chain of =600 amino acid residues (12) . No amino acid sequence homology has been found between distinct VSAs expressed by a cloned population (13, 14) . This observation, as well as the recurrence ofthe same VATs in successive infections of laboratory rodents by the same clone of trypanosomes, precludes any interpretation of antigenic variation in terms of mutation. It is generally agreed that the process involves the switching on and off of a collection of specific VSA genes.
VAT-specific mRNAs have been prepared (11, 15) and used as template for the synthesis ofdouble-stranded DNA that were then cloned in Escherichia coli and characterized (16, 17) . By using labeled probes made from VAT-specific cloned sequences, Hoeijmakers et al. (18) observed the presence of an additional "expression-linked" copy of the VSA gene in trypanosomes expressing the antigen of the same specificity as the probe; on the other hand, Williams et al. (19) reported genomic sequence rearrangements that, although apparently correlated to antigenic variation, were not expression linked. Our results confirm the occurence ofboth types ofgenomic rearrangements and provide information about the procyclic form of the trypanosome and the recurrence of a given VAT.
MATERIAL AND METHODS
All the trypanosomes used in this study are derived from the same stock of Trypanosoma brucei brucei, stabilate EATRO 1125 (Fig. 1) . The clones expressing the serotypes AnTat 1.1, 1.3,-1.8, and-1.13 have been described (6) and will be referred to as A. 1, A.3, ... etc. The clone A. lb was isolated from minor heterotypes arising in clone A. 10. The variant populations were at least 99.9% homogeneous, as judged by immunofluorescence tests (6) . The procyclic forms were obtained from a described (20) pleomorphic A. 1 clone population grown in rat. The infected blood was transferred into glucose/lactalbumin/calf serum/hemoglobin medium (21) at 250C, and the procyclic forms were harvested after 12 subcultures in the same medium.
Nuclear DNA was isolated from the trypanosomes as described (22) . Digestions by restriction endonucleases and electrophoresis ofthe digestion products on 0. 85% agarose slab gels were performed as described (17) . To check the completion of the digestions, samples ofphage A DNA were digested with the trypanosome DNA; the viral fragments were shown by hybridization with 32P-labeled A DNA. Transfer of the DNA from gels to cellulose nitrate was done by Southern's method (23) ; the cellulose nitrate filters containing DNA fragments transferred from gels will be referred to as Southern blots.
Specific restriction fragments derived from cloned DNA were isolated by preparative gel electrophoresis on low-melting Abbreviations: VSA, variant-specific antigen; VAT, variable antigen type; bp, base pairs; kb, kilobase(s).
The publication costs ofthis article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §17-34 solely to indicate this fact. 2673 agarose gels (17) . 32P-Labeled probes were prepared by nick translation (24) . Hybridization of the Southern blots with the probes was performed as reported (17) . RESULTS Additional Copy of the Gene Related to Expression. Fulllength double-stranded cDNAs have been synthesized on mRNAs coding for VSAs A. 1 and A.8 (17) . These cDNAs were cloned in the plasmid pBR322 and, for each antigenic type, a clone was selected and thoroughly characterized (17) . The restriction maps of these two cloned sequences are shown in Fig.  2 . It should be noted that the cloned sequences have been inserted in a reverse orientation with regard to plasmid DNA and have therefore been analyzed from 3' to 5'.
32P-Labeled probes representative of the entire sequence of both inserts were obtained by nick translation of BamHI/Bgl I fragments ofthe recombinant plasmids. Each probe shows several bands when hybridized to Southern blots of nuclear DNAs from four trypanosome clones expressing, respectively, the antigenic types A. 1, A.8, A.3, and A. 13 [even after washing under stringent conditions (1.5 mM NaCl/0. 15 mM Na citrate pH 6.8 at 650C)] (Fig. 3) . Five major Pst I fragments, having a total complexity of -22 kilobase(s) (kb), are detected with the A. 1 probe, and six Pst I fragments, having a total complexity of -45 kb, are detected with the A.8 probe. In addition, an extra band is present in the DNA of trypanosomes expressing the antigenic type of the same specificity as the probe (Fig. 3 , arrows); for example, a 2-kb Pst I fragment, shown by the A. 1 probe, is specific for the DNA of trypanosomes expressing the serotype A. 1 (Fig. 3A, lane 1) ; the A. 8 probe also shows a 13.2-kb Pst I fragment in DNA prepared from the population expressing A. 8 (Fig. 3B, lane 2) . The fact that, in all other respects, the hybridization pattern is conserved suggests that the extra band contains an additional, expression-linked copy of a "basic" VSA gene.
Hybridization of the A. 1 probe with homologous HindIIIdigested DNA (Fig. 3A , lane 5) resulted in at least one additional band of 19-kb fragments. In addition, the production of a 550-bp internal fragment of the gene could be expected from the restriction map ofthe cloned sequence (see Fig. 2 ), which shows the presence oftwo HindIII sites 550 bp apart. This 550-bp fragment is indeed present in the DNA digests of all four variants (Fig. 3 , lanes 5-8 and Inset) but, as indicated by the intensity of the labeling, in a larger amount in the DNA of variant A. 1. We conclude that the same 550-bp fragment is also present in the expression-linked copy of the gene. To determine the number ofadditional copies per basic copy, we digested different amounts of nuclear A. 1 and A.8 DNAs to release the 550-bp HindIll fragment of the A. 1 sequence and a 510-bp Pst I/Sal I A.8 internal fragment, as expected from the restriction map of the cloned sequence. We found that, in both cases, the labeling intensity of the 550-and 510-bp fragments derived from the clones containing the additional copy could only be matched by twice as much DNA in the corresponding bands from clones expressing other antigenic types (data not shown). This result suggests that there is only one additional expression-linked copy per basic gene in each case.
Additional Copies That Are Not Directly Correlated to Expression. Both probes also showed differences between nonexpressed DNAs. The clearest case is that of the A.8 probe: a 24-kb Pst I fragment (Fig. 3B, lane 1) and a 3. 8-kb Sal I fragment (Fig. 4, lane 1 (Fig. 4, lanes 1 and 3) ; on the other hand, the A.3 and A. 13 DNAs contain, respectively, a 7.5-kb and a 9-kb Sal I fragment that can be hybridized with the A.8 probe (Fig. 4, lanes 3 and 4) . These bands, in contrast with the basic and expression-linked copies, preferentially disappear when the hybrids are washed with saline citrate at 650C (data not shown). (Fig. 5) . Hybridization of the Pst I nuclear DNA digests with these probes showed that the two large (7-and 6.4-kb) fragments probably contain all the cDNA information from the Pst I site 340 to the 5' end except a sequence of at least 200 bp from its 5' extremity: these DNA fragments hybridize with all probes except probe 5. The same conclusion was reached for the 2-kb expression-linked band. The 7-kb fragment seems, however, to be an imperfect copy of the gene, as indicated by its lower hybridization level.
On the other hand, at least two other fragments (4 and 2.15 kb) hybridize with probes 1 and 2 only and thus contain more limited segments ofthe message. The significance ofthe 2.4-kb fragment, which is recognized by the 5'-specific probes only, is not clear. It could indicate the occurrence in the genomic sequence ofa Pst I site that is not present in the cDNA and thus is contained in an intron; or the 5' end of the cloned sequence might be unrelated to the A. 1 gene. Although the first possibility cannot yet be ruled out, it seems that the second hypothesis is probably correct: hybridization of the 5'-specific Hindll/Bgl I probe with T. brucei RNA transferred to diazotized paper (25) failed to show the A. 1 mRNA (data not shown). Moreover, we found no evidence for the presence of an additional copy of this sequence (see Fig. 5 ).
Similar observations were made when the nuclear DNA was digested by Sst I. In addition, double digestions with Pst I/ HindIII, Pst I/EcoRI, or Pst I/HindII, followed by hybridization with the same probes as above, confirmed that the Pst I site 340, the two HindIII sites 300 and 850, and the EcoRI site 1100 of the cloned cDNA are conserved in the basic and expressionlinked copies ofthe gene, whereas the HindII site 1500 is always absent (data not shown). A Repetitive Sequence Is Present Near the 3' End of the Gene. Interesting observations were made with the probe specific for the 3' end of A. 1 (Fig. 5, lanes 3 and 4) ; this probe hybridizes to a considerable number offragments, as indicated by the heavy background labeling, showing most, if not all, of the bands recognized by the other probes, despite the fact that the corresponding fragments, beginning at the Pst I site 340 (see Fig. 2 ), should not share common sequences with it.
This was further investigated with another 3' probe for A. 1 (615 bp, from the pBR322 BamHI site 275 to the A. 1 Pst I site 340) and with a probe specific for the 3' end of the A.8 cloned sequence (575 bp, from the BamHI site to the A. 8 Pst I site 300). The hybridization patterns obtained on Southern blots of nuclear DNA from four variants show rather fuzzy bands over an almost continous background smear (Fig. 6 ). Controls (pBR322 HindIII/Sal I or BamHI/Sal I probes) indicated that this particular aspect is not due to the pBR322 sequences (data not shown). Because hybridization was always performed with a very large excess of sonicated calf thymus DNA over the probe (-105:1), it is unlikely that this repetitive sequence could be as trivial as a poly(dA) or poly(dT) stretch.
It thus seems that the 3' end of both coding sequences contains, within a 300-bp stretch, a repetitive element. In addition, hybridization with the 3'-end probes discloses obvious differences between the DNA digests from the four variants examined [see, e.g., the Pst I digests (Fig. 6 A and B), lanes 1-4) ]. On the other hand, certain similarities are found between patterns obtained with the two VSA probes, especially with Pst I (e.g., lane 3).
Although they can be hybridized with many sequences present in nuclear DNA, these probes specifically show the corresponding mRNA in RNA transferred from agarose gels to diazotized paper (25) (data not shown). 6.4=^i . 1 and 2) ; the 3'-specific 920-bp fragment between the HindHI site 30 of pBR322 and the HindI site 300 ofthe cloned sequence (probe 1; lanes 3 and 4) ; the 550-bpHindlH/ HindU!I fragment (probe 2, lanes 5and 6); the 250-bp HindlI/EcoRI fragment (probe 3, lanes 7 and 8) ; the 860-bp EcoRI/Bgl I fragment (probe 4, lanes 9 and 10); the 5'"specific 460-bp Hindll/Bgl I fragment (probe 5, lanes 11 and 12). The DNA was extracted from trypanosomes expressing VSA type A.1 (lanes 1, 3, 5, 7, 9, and 11) lanes 1 and 4) , from A.1-derived procyclic trypanosomes (lanes 2 and 5), and from clone A.lb (lanes 3 and 6). DNAs were digested by Pst I (lanes 1-3) or Sst I (lanes 4-6) and challenged with 32P-labeled A.1-cloned cDNA.
Loss of the Additional Copy in the Procyclic Form. The nuclear DNA of procyclic trypanosomes derived in vitro from a clone population expressing A. 1 (see Fig. 1 ) was isolated and analyzed by using the hybridization procedure described for Fig. 3 . We found that the expression-linked copy of the gene, present in the 2-kb (lane 1) or 7-kb (lane 4) additional bands found, respectively, in Pst I or Sst I digests of A. 1 bloodstream trypanosome DNA is not present in the DNA of the procyclic form (Fig. 7, lanes 2 and 5) .
Additional Copy in Variant A.lb. To assess the reproducibility of the gene rearrangements that accompany the recurrence of a given antigenic type, we compared nuclear DNA digests of variants A. 1 and A. lb. As shown in Fig. 7 We thus propose that the rearrangement does not affect the coding sequence itself. On the other hand, from the sizes ofthe fragments, we have proofthat the sequences flanking the 5' side (as shown here by the 2-kb Pst I fragment and the 19-kb HindIll fragment; see Fig. 3A ) and the 3' side (from EcoRi digests; data not shown) of the additional copy of the gene are both different from the flanking regions ofthe basic copies. These observations suggest that the additional copy could be transposed to a different genetic surrounding, as in the "cassette" model described in yeast (26) . Our conclusions are in good agreement with those of Hoeijmakers and coworkers (18, 27) in their recent analysis of variants from another T. brucei serodeme. However, we did not find evidence for a transposition of the additional copy in a satellite-like DNA region devoid of most restriction sites (18) . The A. 1 additional copy is indeed found in the vicinity of Pst I, EcoRI, and Sst I sites, for example.
Also in agreement with the results of Hoeijmakers and coworkers is the existence of several distinct copies of the same gene; however, the number of copies found for the A. 1 and A.8 genes, three to six, is not as high as that found for variants 117 and 221 (18) .
It seems reasonable to assume that the 6.4-kb fragment in a Pst I digest (see Fig. 5 ) contains the true basic copy of the A. 1 gene-i.e., the copy that is duplicated for expression. This assumption is based on the observations that only this 6.4-kb fragment and the 7-kb fragment hybridize with all the fragments of the cloned cDNA and that a higher level of hybridization is obtained with the former. As yet, no conclusion can be drawn regarding the A.8 gene.
The presence, in the 3'-terminal sequence of the two VSA genes examined, ofan element that is repeated in a considerable number of restriction fragments but nevertheless is variant specific was also observed by Borst et al. (27) . The specific hybridization of this repeat with homologous mRNA rules out the possibility that the repeat could reflect the copy of the poly(A) stretch of the mRNA. The existence of a repetitive element at the 3' extremity ofeach coding sequence is suggestive ofaphysiological role, either in the replication or the transposition mechanisms. An analogy can be made with transposable elements in yeast (28) or Drosophila (29) , which contain a repeat of =300 bp at each end; similarly, retroviruses, which can integrate into different chromosomal sites, also carry flanking direct repeats (30) .
It is not clear whether the difference in the hybridization patterns of the 3'-end probes on DNA blots of the four variants examined in this work are relevant to these repetitive elements or to some other part of the 3'-terminal sequence. They resemble the sequence rearrangements, also unlinked to expression, that are visualised in the A.8 gene with probes made from parts of the cDNA more distant from the 3' extremity (see Fig. 4 ). Non-expression-linked VSA gene rearrangements have been reported by Williams et al. (19) . The significance of these alterations with regard to the mechanism of antigenic variation is not known. However, in our experiments,.they occurred in closely related trypanosome populations, suggesting that the sequences involved are either modified or displaced at a relatively high frequency. For the same reason, it seems unlikely that they represent relics of previous expression-linked copies, Our observations show that, on the expression ofa new VAT, the extra copy of the preceding one is lost. Indeed, both A.3 and A.8 are directly derived from A. 1 and.neither of them has retained the additional A. 1 gene. The precise timing of this deletion is not known. An interesting situation is found when the trypanosome develops in the mid-gut of Glossina in the socalled procyclic form: the surface coat is lost and no VSA gene is expressed. VSA synthesis is resumed in the metacyclic form, which is the final stage in the fly of the trypanosome's life cycle. Mid-gut procyclic forms may be obtained from 'bloodstream forms when these are induced to grow in vitro. Interestingly, we found that procyclic forms derived in this way from A. 1 bloodstream forms have also lost the additional copy of the A. 1 gene. This means that the deletion ofan expression-linked VSA gene copy is or may be dissociated from the expression of the next antigenic type. This also supports the hypothesis that the extra copy is the transcribed one.
From the comparison ofthe expression-linked fragments observed in the Pst I digests of the two clones A. 1 and A. lb, we infer that probably the same basic copy of the gene has been duplicated and transposed at the same expression site. As described above, the 2-kb fragment composes most ofthe A. 1 coding sequence, from the Pst I site 340 to its 5' extremity and also a stretch ofDNA flanking this 5' end. The presence ofthe same 2-kb fragment in both clones suggests that both the gene sequence and its 5' side neighborhood are identical. If this is the case, a difference might still exist between the 3'-flanking sequences; endonuclease Sst I, for which no site is present in the coding sequence and which will thus release fragments including both the 3' and 5' surroundings, generates expressionlinked fragments of slightly different mobility.
